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Abstract—In order to study the mechanism of the high irre-
versibility field, we measured the high field transport properties
for bulk NEG123 samples with high irreversibility field. It was
found that the Bose glass behavior is observed for both NEG123
bulk samples with 3% and 40% NEG211 additions. However,
the 40%NEG211 sample with a low irreversibility field showed a
higher effective matching field of the c-axis correlated disorder
than the 3%NEG211 sample with a high irreversibility field. It is
suggested that the c-axis correlation varies among samples and
the strong correlation along the c-axis, which may arise from the
alignment of the RE-rich NEG211 clusters, is important for the
realization of the high irreversibility field.
Index Terms—Bose glass, c-axis correlated disorder, critical ex-
ponent, irreversibility field, RE123.
I. INTRODUCTION
IMPROVEMENT of the irreversibility field as well asthe critical current density is one of the most important
subjects for high temperature superconducting applications.
Although a high above a few has been achieved
by a great effort so far, the values were still less than
10 T at 77.3 K even for the RE123 system [1]. This is be-
cause is related to not only flux pinning but also vortex
dynamics such as the vortex glass-liquid transition proposed
by Fisher and Fisher at first [2]. Recently, however, a high
above 14 T at 77.3 K is obtained for a mixed compound
bulk prepared by the
Oxygen Controlled Melt Growth (OCMG) method [3]. It is
an important issue to clarify the mechanism of the high irre-
versibility field.
On the other hand, it has been reported that increases
with the c-axis correlated disorders such as twin boundaries and
columnar defects by the heavy ion irradiation [4]. In those cases,
the Bose glass state is induced instead of the vortex glass one [5].
However, the efficiency of twin boundaries is not enough and
heavy ion irradiation gives rise to degradation of critical tem-
perature. Therefore, if effective c-axis correlated pinning cen-
ters can be introduced without any degradation of the critical
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temperature, a great enhancement of is expected. In NEG123
bulk with high , we found a Bose glass behavior in the pre-
vious study [6]. In addition, we reported that a c-axis correlated
disorder is responsible for the improvement of the irreversibility
fields [7]. In this paper, we discuss the mechanism of the high
irreversibility field on the basis of the Bose glass scaling theory.
II. EXPERIMENTAL
The samples used in this study are
with 3 and
40 mol% NEG211, 10 wt% Ag and 0.5 mol% Pt prepared
by the top-seeded melt-growth method under oxygen
partial pressure of 0.1% [3], the detail of which is
described elsewhere [8]. The sample was cut into a bar
with dimensions of about . This bar
shape sample was mounted on a rotated sample holder with
cernox and capacitance thermometers and a heater. The
sample temperature was controlled by both He gas flow in a
temperature variable cryostat and the heater placed on the
sample holder. Magnetic fields were applied using a 20 T
superconducting magnet at the High Field Laboratory for
Superconducting Materials (HFLSM), Institute for Materials
Research (IMR), Tohoku University. Magnetic field angle was
defined such that // -axis was and transport currents
were always perpendicular to the field and c-axis. The transport
current density was fixed to be about 10 in the present
study. The critical current densities were determined from the
magnetization hysteresis measured by the VSM magnetometer
with a sweep rate of 0.5 T/min.
III. RESULTS AND DISCUSSION
Fig. 1 shows the critical current densities at 77.3 K from
the magnetization hysteresis by using the extended Bean model
[9]. at a low field region below 1 T for the 40% NEG211
sample is about twice larger than that for the 3% NEG211
sample due to the excess of the NEG211 phase. In addition, the
peak of at about 3 T is more remarkable for the 40%NEG211
sample in comparison with the 3% NEG211 sample. It is con-
sidered that the peak effect on the curve comes from the
pinning due to the solid
solution (NEG123ss) clusters. Hence, it is suggested that the
flux pinning by the NEG123ss clusters of the 40% NEG211
sample is also stronger than that in the 3% NEG211 sample
in addition to the pinning related with NEG211. However, the
irreversibility field of the 3% NEG211 sample is higher than
that of the 40% NEG211 sample. Since the critical temperature
1051-8223/$20.00 © 2005 IEEE
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Fig. 1. Critical current densities determined from magnetization hysteresis at
77.3 K for B//c.
Fig. 2. Angular dependence of resistivity at 77.3 K and 13 T.
is almost the same for both samples, the difference of is
not due to the difference. Therefore, the vortex dynamics
such as the vortex glass melting is more important than the
flux pinning strength for the improvement of the irreversibility
field.
Fig. 2 shows the angular dependence of resistivity at 77.3 K
and 13 T. A dip appears at 0 , i.e. // for both samples. This
suggests that the c-axis correlated disorder works as an effective
pinning center. One notices that the dip for the 3%NEG211
sample is more significant than that for the 40%NEG211
sample. In order to distinguish the detail of the dip behavior,
the temperature dependences of normalized resistivity are com-
pared between at 0 and 12 . Fig. 3 represents the resistivity
normalized by that at 100 K. The resistivity deviations
between 0 and 12 , , is also shown
in the figure. For the 3%NEG211 sample, the kink in the
temperature dependent resistivity appears at and the
resistivity rapidly decreases with lowering temperature below a
characteristic temperature of the kink, . On the contrary, the
resistivity at monotonically decreases with decreasing
temperature without a kink and is almost the same as that at
above . Namely, grows below and then has
a peak with decreasing temperature. A similar behavior with
the 3%NEG211 sample as mentioned above is observed also
Fig. 3. Temperature dependence of normalized resistivity at 15 T for B//c and
12 off c-axis. Resistivity deviation  =  (12 )  (0 ) is also plotted.
for the 40%NEG211 sample as shown in Fig. 3(b). However,
for the 40%NEG211 sample is much smaller than that for
the 3%NEG211 sample, i.e., the maximum is about 9%
and 3% of the normal resistivity for the 3% and 40% NEG211
samples, respectively. These results indicate that the pinning
due to correlated disorder along the c-axis works effectively
below , but is weaker for the 40%NEG211 sample compared
with the 3% NEG211 sample. We defined the value as the
temperature at which becomes zero as shown in Fig. 3.
Negative values of considerably come from the intrinsic
angular dependence of the resistivity with a maximum at // ,
which is originates from an effective mass anisotropy.
The scaling theory of the Bose glass state predicts that
when the temperature approaches the Bose glass temperature,
the linear resistivity at a small current density vanishes as
, where is the glass transition temperature
and is a critical exponent related with a static
exponent and dynamic one for the Bose glass state [5].
The scaling theory of the vortex glass state gives a similar
expression of with , where and
are critical exponents for the vortex glass state [2]. We use
the same denotation as the glass transition temperature for
both the Bose glass and the vortex glass states in this study.
If is plotted as a function of temperature, we
can obtain and values from the linear temperature depen-
dent region. Fig. 4 shows the examples of the
vs temperature. Solid lines are fitted lines obtained using
a least square plot. The linear temperature dependence of
means that the linear resistivity is associated
with the relationship of and the critical state
of the Bose glass or the vortex glass exists in this region. The
values for various magnetic fields for // are shown in
Fig. 5. The value in high magnetic fields above 13 T is 7–8,
decreases down to about 4 below 9 T and tends to increase
below 0.2 T for the 3%NEG211 sample. Whereas, the values
for the 40%NEG211 sample are about 4 above 5 T and tends
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Fig. 4. (d ln =dT ) vs. temperature plot for the determination of s and T .
Fig. 5. Field dependence of the critical exponent s for B//c.
to increase below 3 T. It is well known that the values in the
Bose glass phase are smaller than 7–9 in the vortex glass phase.
In heavy ion irradiated samples, the values in the Bose glass
state are about 1.3 for Y123 single crystal, about 3.5 for the
Bi2212 single crystal and 3.6–4.5 for the
films [10]–[12]. Monte Carlo simulation based on the Bose
glass theory also results in a small value [13]. Therefore,
the Bose glass state is realized in both samples. In addition,
increases above the matching field , where the number of
the vortices is equal to that of the c-axis correlated defects [14].
Hence, the effective matching field is about 9 T for the
3%NEG211 sample and we cannot detect it in fields up to 17 T
for the 40%NEG211 sample. The NEG123ss clusters work as
a field induced pinning center and induce a peak effect on the
properties. Larger matching field for the 40% sample
is consistent to the larger peak effect of property in
comparison with the 3% sample as shown in Fig. 1.
Fig. 6 summarizes the obtained characteristic temperatures of
, and on the plane, where is the irreversibility
temperature determined by a resistivity criterion of 0.1 .
This criterion corresponds to the defined by
Fig. 6. Summary of the characteristic temperatures of T , T , and T .
the 1 . The values of the 3% NEG211 sample are
larger than those of the 40% NEG211 sample in low field re-
gion below 9 T, but become comparable in fields above 13 T.
In other words, the Bose glass melting line of the 3%NEG211
sample has a broad kink around the effective matching field.
This is consistent with a previous report on a twinned YBCO
crystal [14]. In the studies in terms of heavy ion irradiation,
normalized by increases with increasing the dose [15]. In
the case that the shape and the correlation along c-axis of the
columnar defects are homogeneous, the flux pinning strength of
the c-axis correlated disorder is proportional to the number of
the columnar defects. If we can suppose a large matching field
for the 40% NEG211 sample, we should have a large value.
However, the value is small for the 40% NEG211 sample
as shown in Fig. 6, in spite of a larger matching field. Hence,
we have to conclude that the correlation with c-axis may be-
come weaker for the 40% sample than for the 3% sample. In
the NEG123 bulk, the array of the NEG123ss clusters in the ab
plane, i.e. nanolamellar, has been observed and proposed as a
new flux pinning center [3]. If those align also along c-axis, the
array of the NEG123ss may work as a c-axis correlated disorder.
In this case, the c-axis correlation may depend on the alignment
of the NEG123ss clusters. Therefore, the alignment and size of
the NEG123ss clusters are probably different among the 3% and
40%NEG211 samples. The nanolamellar structure is typically
observed for the samples with 3–10% NEG211 [3]. This fact is
consistent with the weak correlation of NEG123ss clusters for
the 40% NEG211 sample. In order to prove the c-axis correla-
tion of the NEG123ss, however, the microstructure study should
be carried out in the future.
In the viewpoint of the superconducting application, the irre-
versibility line should be discriminated from strictly, because
it is determined by a certain criterion. for the 3%NEG211
sample is larger than that for the 40%NEG211 in magnetic fields
up to 17 T as shown in Fig. 6, although the values are similar
for both samples above 13 T. The difference between and
for the 3%NEG211 sample becomes larger above the effective
matching field. For example, these differences are about 0.3 K
at 5 T and about 3.3 K at 15 T.
On the other hand, is almost the same for both samples
as shown in Fig. 6. Since the c-axis correlation remains even in
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Fig. 7. Apparent pinning potential determined from the slopes of Arrhenius
plots (inset). The arrow shows the effective matching field of the 3% NEG211
sample.
the vortex liquid phase below , the divides the partially
entangled vortex liquid (PEL) into the entangled vortex liquid
(EL) [16]. In the vortex liquid state (PEL and EL), the dissi-
pation depends on the liquid viscosity. Hence, the reduction of
the resistivity as shown in Fig. 3 below comes from the vis-
cosity change introduced by the c-axis correlated disorder. We
estimated the activation energy in the vortex liquid, , by the
linear region in the Arrhenius plot of the as shown in Fig. 7.
The values for the 3%NEG211 sample are 2–4 times larger
than those for the 40%NEG211 one. In addition, rapidly de-
creases above for the 3% NEG211 sample. The dissi-
pation in the PEL is related to both the number of c-axis corre-
lated disorder and its elementary flux pinning strength. How-
ever, the enhancement of the c-axis correlation as discussed
above enlarges the elementary flux pinning and results in the
reduction of the dissipation. Therefore, the difference between
and is also closely related to the c-axis correlation. We can
conclude that the c-axis correlation is most important for the en-
hancement of the irreversibility line. In addition, it is expected
that the upper limit of the irreversibility line is the boundary
between EL and PEL, if we may enhance the c-axis correlation
of the large number of the correlated disorders. In fact, the max-
imum irreversibility field at 77. 3 K for // in NEG123 bulk is
about 15 T and it is close to the line as shown in Fig. 6
[3]. We guess that the strong correlation of the disorders along
c-axis like the nanolamella may cause a high irreversibility field
in the NEG123 sample with .
IV. CONCLUSION
We measured the high field transport properties for bulk
NEG123 samples with high irreversibility field. The Bose glass
behavior is observed for both NEG123 bulk sample with 3%
and 40% NEG211 samples. However, the 40%NEG211 sample
with low irreversibility field shows a higher effective matching
field than the 3%NEG211 sample with high irreversibility
field. Therefore, the c-axis correlation is important for the
realization of the high irreversibility field. It is considered that
the c-axis correlation in the NEG123 bulk is produced from the
alignment of the RE-rich NEG123 solid solution clusters. If the
strong correlated disorders along c-axis can be introduced, it is
expected that the irreversibility field can be enhanced up to the
boundary between the partially entangled vortex liquid and the
entangled one.
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